a Simultaneous imaging of both positive and negative product ions is used to exclusively study photoion pair formation free from interference of competing fragmentation channels. Resonance enhanced multiphoton excitation allows us to interrogate potential energy surfaces for vastly differing molecular geometries. 3D imaging provides complete fragment information. We applied the technique to HCl as a benchmark and identified the gateway state leading to photoion pairs. The approach can easily be applied to any molecule exhibiting a potential with an attractive part at large internuclear distances.
Simultaneous imaging of both positive and negative product ions is used to exclusively study photoion pair formation free from interference of competing fragmentation channels. Resonance enhanced multiphoton excitation allows us to interrogate potential energy surfaces for vastly differing molecular geometries. 3D imaging provides complete fragment information. We applied the technique to HCl as a benchmark and identified the gateway state leading to photoion pairs. The approach can easily be applied to any molecule exhibiting a potential with an attractive part at large internuclear distances.
Complete characterization of elementary chemical processes is a major challenge in reaction dynamics. Ideally, it would require determination of the fully quantum state resolved joint reaction probability for product pairs coincidently formed in the same elementary process. However, true coincidence measurements for chemical reactions are extremely difficult to realize, and lifting the requirement for observed products to result from the same elementary process, the next best strategy is the fully quantum state resolved simultaneous observation of all product species formed in the process under investigation. In this context, ion pair production is particularly interesting. It is one of several competing processes occurring in many molecules and has been studied for ground state geometries by photoexcitation in the vacuum ultraviolet (VUV). Based on these studies, we report a novel technique of resonance enhanced multi-photon excitation relying on readily available UV light in conjunction with three-dimensional (3D) imaging for simultaneously monitoring of both oppositely charged ionic products. Thus we can interrogate a wide range of molecular geometries, exclusively address the photoion pair channel in a complex environment of competing processes, and simultaneously observe both products. 3D fragment momentum vector distributions are determined containing complete photofragment information, subsets of which are conventional quantities as kinetic energy distributions, spatial fragment distributions, and anisotropy parameters. We demonstrate power and potential of our method for HCl fragmentation as prototype because its fragmentation and ionization dynamics have intensively been studied and the energy partitioned onto the ionic fragments is discrete and fixed by conservation of energy and linear momentum. From our data, the existence of a Rydberg gateway state on the route to photoion pair generation in HCl is verified. Experimental approach and excitation scheme are easily applicable to any molecule exhibiting potential energy surfaces with attractive parts at large internuclear distances, paving the way for determining joint reaction probabilities of coincidently formed products. Photodissociating neutral molecules AB either produces neutral fragments A + B or oppositely charged ionic species A + + B À , as was first observed in 1932. 1 Today over 50 molecules are known to fragment into ionic pairs upon photoabsorption. Numerous studies were performed employing vacuum ultraviolet (VUV) single photon absorption, 2,3 nevertheless, the issue of whether the formation mechanism is a direct transition from the ground state into the ion pair state or rather a Rydberg state excitation followed by a non adiabatic transition to the ion pair state is still being discussed controversially. 4, 5 Long range Coulomb attraction between oppositely charged ionic fragments is reflected by shallow slopes of ion pair state potential energy surfaces, and noticeable attractive forces act at large inter-nuclear distances. In contrast, potential energy surfaces of valence states correlating to neutral fragments are characterized by steep slopes at small inter-nuclear distances with significant interaction not extending beyond a few hundred picometers. The energetically lowest ion pair states result from excitation within the valence electron shell. Therefore ion pair states represent a sub-class of valence states. However, ion pair states result from ''high energy'' excitation within the valence shell and often exhibit similar energies as Rydberg states which a Institut für Physikalische und Theoretische Chemie, Technische Universität result from electronic excitation ''outside'' the valence shell. High energies and long range attractions of ion pair states make result in numerous avoided crossings between ion pair and Rydberg states of identical symmetry, yielding several double minima potential energy surfaces with quite peculiar dissociation and/or ionization dynamics. As an example, we recently reviewed the intriguing dynamics evolving on an (incomplete) set of HCl Rydberg, valence, and ion pair potentials. 6 Shedding light on these complex dynamics is challenging and requires obtaining as much information about a fragmentation process as possible. Ideally, one should monitor all fragments simultaneously or, rather, in coincidence. Also, one should obtain as much information about each single fragment as possible, i.e. one should monitor each fragment's quantum state and three-dimensional momentum vector. Three-dimensional (3D) imaging techniques with the time-resolving delay line anode detector are at hand nowadays that can provide the desired complete data for a single laser shot excitation [7] [8] [9] or by superposition of sequentially obtained slices. 10, 11 From the experimental observables, common quantities as e.g. kinetic energy distributions, quantum state populations and spatial anisotropies for particle ensembles are easily obtained by suitable averaging and/or projection.
To this end three-dimensional imaging is combined with resonance enhanced multi-photon ionization. Tuning the resonant excitation laser lets one address single quantum levels of an electronic state (IS 1 ) under investigation while another photon (or several photons) subsequently interrogates the selected state yielding detectable fragments.
In conventional VUV photoion pair studies (1d) AB is directly transformed into the ionic pair A + + B À by a single photon without passing through an intermediate state IS 1 . Necessarily, in such experiments the explorable molecular geometry is limited to Franck-Condon regions. In contrast, for multiphoton experiments the explorable range of internuclear distances is dramatically extended by carefully choosing appropriate target intermediate states IS 1 , as the aforementioned double minima states. Owing to the pronounced non-diagonal character of the FranckCondon factors associated with shallow double minima states, large sets of vibrational quantum numbers can be scanned and relevant portions of the potential energy surfaces are almost selectable at will. Several such studies were performed by monitoring positive fragment ions, yielding a wealth of information on the dynamics evolving on high-energy intermediate electronic states. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] However, often ion pair formation, not being the dominant fragmentation channel, is hidden under much stronger positive ion signals resulting from ionization of initially neutral fragments or from fragmentation of molecular ions. Therefore information about the ion pair channel remained scarce in such experiments. In contrast, simultaneous detection of both positive and negative ionic fragments offers unequivocal evidence of the ion pair channel and provides interference-free information about it. The scope of this letter is to present simultaneous 3D photoion pair imaging as experimental method for detailed studying of intramolecular excitation dynamics among Rydberg and ionpair moieties of highly excited electronic states of small molecules with focussing on coincident ion pair formation. Data analysis strategies are presented and implications are discussed for the example of ionization and fragmentation of the HCl molecule following a specific vibrational excitation of its double minimum B 1 S + state. Experimental approach and data analysis can be transferred to any molecule exhibiting suitable ion pair potential energy. A much wider range of the relevant potential energy surfaces can be examined than with conventional onephoton VUV absorption. Simultaneous detection of both anionic and cationic species in ion pair production makes use of the previously demonstrated analytic power of resonance enhanced multi photon imaging letting one explore regions of potential energy surfaces inaccessible for conventional techniques. The 3D imaging experimental setup has been described in detail elsewhere. 8, 9 We modified our setup with a second timeof-flight (TOF) detector such that both positive and negative ions can be observed, both separately and simultaneously. The second detector is currently being upgraded to a full 3D detector. The improved set-up differs from former versions primarily by the presence of two TOF spectrometers, each equipped with its own detector. The two spectrometers share the symmetry axis (see Fig. 1 ) and are the mirror reflection of one another. A pulsed nozzle generated a molecular beam of the precursor substance between the two spectrometers perpendicular to their symmetry axis. For the data presented here the nozzle was operated with pure HCl. (Fig. 2) . Thus, the ion-pair photodissociation channel is directly analyzable from the 3D raw data without need for mathematical reconstruction relying on inversion algorithms as it is necessary for a 2D experiment. However, displaying data in two dimensions requires suitable projection. Here, two kinds of data presentation are used: (1) conventional 2D projection into the XY plane ( Fig. 2A) corresponding to experimentally observed images in 2D imaging, and (2) meridian projection ( Fig. 2B and C) described in detail elsewhere. 20 Mathematical transformations describing the two methods are given in Table 1 .
For comparison, 1D projection onto a single (spectrometer) axis is given corresponding to measured data in TOF spectrometry. Only the r conserving meridian projection copes with the spherical symmetry of the investigated fragmentation process while the other two projection methods rather obey a Cartesian way of thinking unsuited for instructive presentation of experimental 3D imaging data. In any case, one must bear in mind that for a 3D imaging experiment any 2D display projection necessarily goes along with a loss of information, whereas the complete information is always maintained in the original data. For informative 2D projections, the plane of projection must contain the electric field vector E. In Fig. 2 where IS 1 = V 1 S + (v = 12, J = 0) the electric field vector E is oriented along the y axis. The full 3D fragment distribution is symmetric about the axis defined by the electric field vector, provided all photons have identical polarization 2D projections of Cl À ( Fig. 2A and B ) and H + ions (Fig. 2C) resulting from the multiphoton excitation of HCl demonstrate significant angular anisotropy, with HCl excitation and dissociation being of parallel character, i.e. electric field vector, transition dipole moment of HCl, and fragment recoil direction are all oriented parallel to each other. The parallel mechanism is strictly proved by mathematical analysis of the 3D velocity vector distribution giving a precise result of 2.0 for the b anisotropy parameter in eqn (2):
Here, y E is the angle between electric field vector of the excitation light and fragment momentum vector and P 2 is the second Legendre polynomial. Speed characteristics of photonegative ions are best obtained from meridian projection 20 of the 3D distribution ( Fig. 2B and C 
The b parameter for Cl À in Fig. 2B was determined to be 1.92 AE 0.12, and the b parameter for H + in the outer intensive Only the outer intensive ring results from ion pair dissociation. Other features result from dissociation into neutral, electronically excited fragments which are subsequently photoionized or from photoionization of the parent molecule which is subsequently dissociated. Table 1 Mathematical representation of projection methods for displaying 3D imaging data, in spherical (r, y, j) and Cartesian (x, y, z) coordinates
ring in Fig. 2C is 1 .59 AE 0.43. Again, both values agree very well with each other within the experimental error. The experimental error in H + is slightly larger because (1) the H + ion pair signal cannot cleanly be separated from the interfering channels mentioned above, and (2) the fast H + ions travel for the most part of their trajectory in the spectrometer far away from the spectrometer axis, such that off-axis inhomogeneities in the electric fields start to become noticeable. One dimensional representations of both H + and Cl À speed distributions are shown in Fig. 3 . Speed axes are scaled by the 35 Cl to 1 H mass ratio of 34.96885/1.00783 24 accounting for linear momentum conservation. The conservation of linear momentum together with a b parameter of 2 is proof of the ion-pair channel being the only source of negative chlorine ions. This proof is critical because theoretically a different mechanism of negative ion formation were possible: HCl À decomposition after dissociative photoelectron attachment to HCl. 25 The general picture of HCl ion pair formation is as follows. From the Cl À speed distribution we know, that HCl absorbed exactly 3 photons. The H + + Cl À term is singular and correlates to the V 1 S + molecular state, i.e. there is no other way to produce H + + Cl À except the V 1 S + molecular state. These two statements make clear that HCl* (V 1 S + ) absorbs a third photon and subsequently returns to the V state in a radiationless manner as described in detail below. An intriguing result proving the outlined mechanism is shown in Fig. 4 Several more features of the complex fragmentation mechanism of HCl following resonant multi-photon excitation were observed, most importantly the dependence of the ion pair View Article Online yield ( Fig. 5 ) on laser intensity. This dependence from the third power of laser light intensity is linear only at reduced intensities, reflecting the three photon origin of ion pair formation. At higher intensities the process becomes proportional to lesser powers of the laser intensity owing to saturation. The discussion of the more complicated effects is beyond the scope of this letter. Similar calculations of the nuclear wavefunction overlap integrals as shown in Fig. 6 were performed for all experimentally monitored vibrational levels (cf. Table 2 ), and the pronounced intensity variation around v 0 = 12 as well as the bimodal intensity distribution of Fig. 4 are in accordance with the proposed decay mechanism. Moreover, wavefunction calculations predict the outcome of experiments on hitherto unstudied transitions.
As conclusion, investigating ion pair dissociation by studying both positive and negative photoions simultaneously allows one to experimentally select photoion pair production as the reaction of interest among a variety of competing processes generating chemically identical products. Employing resonant multi-photon excitation allows one to enlarge the portions of relevant potential energy surfaces amenable to experimental interrogation. Using 3D imaging provides complete information about fragment quantum states, three-dimensional momentum vector distributions and spatial fragment anisotropies. Thus, simultaneous detection of positive and negative photoions has a very large potential to facilitate the data analysis of ion pair fragmentation processes. Similar studies are feasible for larger molecules, provided similar excitation schemes for intermediate states with large equilibrium internuclear distances exist. More specifically, our results show that intermediate Rydberg gateway states play a decisive role in the formation of photoion pairs in HCl. 
